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Abstract Cocoa and cocoa products have broad and well-
proven health benefits, most of which are associated with the
high antioxidant capacity of cocoa flavonoids. Most extraction
methods for flavonoids in cocoa products use several steps
including a defatting step and large amount of organic solvents.
Moreover, they are labor-intensive and time-consuming. In this
work, a pressurized hot water extraction (PHWE) method has
been compared to conventional sonication extraction (CSE)
method. The contribution of individual compounds to the total
antioxidant capacity of the extracts was evaluated by develop-
ing an analytical technique consisting of high-performance liq-
uid chromatography (HPLC) with photodiode array coupled to
electrochemical and to charged aerosol detectors and HPLC-
mass spectrometry for the confirmation of the identity of com-
pounds present. Additionally, procyanidins were analyzed by
fluorescence detection. PHWE turned out to be more efficient
in extracting phenolics and methylxanthines, as compared to
the conventional method, in addition to being more Bgreen^
in terms of using less organic solvents.
Keywords Cocoa . Pressurized hot water extraction .
Flavanols . Antioxidant capacity . Electrochemical detector
Abbreviations
CAD Charged aerosol detector
CSE Conventional sonication extraction
DAD Photodiode array detector
DP Degree of polymerization
ECD Electrochemical detector
EE Epicatechin equivalents




MS Mass spectrometry detector
PHWE Pressurized hot water extraction
QTOF Quadrupole and orthogonal acceleration
time-of-flight
RRFs Relative response factors
TPC Total phenolic compounds
Introduction
Polyphenols have become an intense focus of research interest
due to their potent antioxidant properties and their perceived
health-beneficial effects in the treatment and prevention of
cancer, cardiovascular disease, and other pathologies (Chen
and Chen 2013; Iriti and Varoni 2013; Martin et al. 2013).
Cocoa beans are one of the best-known sources of dietary
polyphenols; the total polyphenol content of the dried fat free-
mass of fresh cocoa beans is around 15–20% and of fermented
beans approximately 5% (Wollgast and Anklam 2000). The
polyphenol content in cocoa beans depends on their origin and
processing, as they are subject to a combination of fermenta-
tion and drying treatments, followed by alkalisation and
roasting, which affects the polyphenol content and conse-
quently the end product quality (Hii et al. 2009). However,
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the content of polyphenols in chocolate, which is the most
commonly consumed cocoa product, is lower (Adamson
et al. 1999). This is not only because chocolate contains proc-
essed cocoa beans but also added sugars, milk, solids, and
cocoa butter. In addition, the conditions during cocoa bean
processing and chocolate making may result in polyphenol
degradation (Wollgast and Anklam 2000).
Cocoa polyphenols have been reported in many studies as
bioactive compounds, with antioxidant, antiradical, antihyper-
tensive, and anticarcinogenic properties (Andújar et al. 2012;
Martin et al. 2013). The main polyphenols found in cocoa are
flavanols, mainly catechin, epicatechin, and procyanidins (see
Fig. 1).
Even though most of the studies indicate that the health
benefits of cocoa products are attributed to polyphenols, it
should be observed that cocoa and cocoa products also contain
high amounts of methylxanthines, namely theobromine and
caffeine, which represent about 2.4–3.6% of defatted dry co-
coa composition (Fig. 1) (Matissek 1997). Theobromine is
known to be a brain stimulant, to have diuretic action, and
being a potential for blood pressure reduction (Cheng et al.
2009). Besides having their own health benefits, methylxan-
thines may also be involved in synergistic interactions with
polyphenols, although possible health effects are unclear and
further studies are needed.
Commonmethods to extract polyphenols from cocoa prod-
ucts use several steps, including defatting before the extraction
of the polyphenols itself (see Fig. 2) (Adamson et al. 1999;
Belščak et al. 2009; Wollgast et al. 2001). In addition, large
amounts of organic solvents are used and methods are often
based on manual and are time consuming and highly depen-
dent on the operator, i.e., not easily reproduced. The develop-
ment of an efficient method to extract flavonoids from cocoa
is a challenging task due to the structural diversity of phenolic
compounds, their presence in a complex matrix and interac-
tion with other compounds. Hence, an important aspect to
consider is the development of fast, cost-effective, and envi-
ronmentally adaptable extraction methods that are able to iso-
late the polyphenols of interest from cocoa and cocoa prod-
ucts. For instance, pressurized liquid extraction is an extrac-
tion technique that uses solvent subjected to elevated temper-
ature (usually above the boiling point of the liquid) and pres-
sure to keep the solvent in a liquid state. By using high tem-
perature, the extraction process becomes more efficient due to
faster diffusion rates, thereby minimizing the extraction time.
It improves disruption of solute-matrix interactions, facilitat-
ing desorption of the analyte from the matrix. Additionally, by
decreasing solvent viscosity and surface tension, together with
higher pressures, the penetration within the sample matrix is
improved and the extraction efficiency enhanced, when com-
pared with the same solvent at ambient temperature. This
leads to a significant reduction on extraction times and solvent
volumes. In the present work, water was used as the solvent,
i.e., the technique pressurized hot water extraction (PHWE).
In PHWE, the dielectric constant of the water decreases with
increasing temperature, which implies that the solvent water
polarizability can be tuned by changing temperature. The di-
electric constant is around 90 at 25 °C but is around 65 at
100 °C and around 35 at 250 °C. That is, the dielectric con-
stant of water at 250 °C is the same as that for methanol at
Fig. 1 Chemical structure of the main phenolic compounds, flavan-3-ol
for a monomer units and b procyanidins (where catechin (R1 = H,
R2 = OH, and R3 = H) and epicatechin (R1 = OH, R2 = H, and
R3 = H)), and c methylxanthines (where theobromine (R1 = H,
R2 = R3 = CH3) and caffeine (R1 = R2 = R3 = CH3)) found in cocoa
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ambient conditions (Plaza and Turner 2015). Thus, water at
high temperatures is an interesting alternative extraction sol-
vent and could potentially replace many of organic solvents
conventionally used in extraction.
Therefore, our hypothesis is that PHWE can be used as a
green technique to extract polyphenols from cocoa and cocoa
products, avoiding the defatting step and the use of organic
solvents for the extraction (Fig. 2). In this work, PHWE was
compared with a conventional sonication extraction (CSE)
(Wollgast et al. 2001) to extract phenolic compounds and meth-
ylxanthines from cocoa and cocoa products. In addition, a full
characterization of cocoa extracts and the contribution of indi-
vidual compounds to the total antioxidant capacity of the ex-
tracts was evaluated for testing both extraction techniques,
PHWE and CSE. The analytical techniques used were HPLC
coupled to a photodiode array detector (DAD), an electrochem-
ical detector (ECD), and a charged aerosol detector (CAD) and
HPLCwithmass spectrometry detector (MS). The advantage of
combining all these detectors (DAD, ECD, CAD, and MS) is
that information about oxidizability can be obtained from ECD,
in addition to light adsorbing properties of the compounds with
DAD, as well as quantitative analysis with CAD and chemical
structure from the MS detector. Moreover, the different degrees




All the chemicals were of analytical grade. Heptane, acetone,
and acetonitrile were purchased from Honeywell Burdick and
Jackson (Muskegon, MI, USA). Ammonium formate, acetic
acid, theobromine, and sodium carbonate were supplied by
Sigma-Aldrich (Steinheim, Germany). Formic acid, caffeine,
and Folin-Ciocalteu reagent were from Merck (Darmstadt,
Germany). Methanol, HPLC-MS grade, was provided by
Scharlau (Barcelona, Spain). The polyphenols standards (cat-
echin, epicatechin, and procyanidin B2) were purchased from
Extrasynthese (Lyon, France). Deagglomerated alumina (α-
Al2O3) suspensions with grain sizes 0.1 μm was provided
by Struers (Ballerup, Denmark). The ultrapure water used
was obtained from a Milli-Q instrument (Millipore, Billerica,
MA, USA).
Samples
All samples, cocoa powders (A and B), chocolates (B, C, and
D), and nibs and nibs powder were commercially available
and the chocolate breads were manufactured in house, follow-
ing the recipe below, and using the cocoa powders A and B.
The cocoa nibs are cocoa beans that have been roasted, sepa-
rated from their husk, and broken in smaller pieces. Before
extraction, all samples were grinded.
Bread recipe: 400 g of white flour (Kungsörnen AB, Järna,
Sweden), 150 g cocoa powder, 360 g water, 4.8 g dry yeast,
40 g sugar, and 4.8 g salt. The bread was baked according to a
standardized procedure in a home baking machine (Severin
model n° BM 3983). The menu choice was programme 2
(white bread, 1 Kg, quick (time: 2:37)). The water content of
the cocoa bread was calculated by subtracting dry weight from
the total weight. The fresh cocoa bread was dried in an oven at
60 °C for 56 h. This process was carried out in triplicate. The
percentage of water in the bread with cocoa A and cocoa B
was 40.9 ± 1.2 and 41.5 ± 0.9%, respectively.
Conventional Sonication Extraction Technique
A conventional sonication extraction technique previously de-
scribed by Wollgast et al. (2001), Gu et al. (2006), and
Brcanovic et al. (2013) was employed, with some modifica-
tions, to extract the polyphenols from cocoa and cocoa prod-
ucts. One gram of the cocoa and cocoa products was defatted
twice with 10mL heptane for 5 min using an Elmasonic S30H
ultrasonic bath (Singen, Germany) with ultrasonic vibration at
frequency of 37 kHz, ultrasonic power of 80 W, and a tem-
perature of 30 °C and was subsequently centrifuged for
10 min at 3000g. Polyphenols were extracted from the pellet
with 10 mL of a mixture of acetone-water-acetic acid
(70:29.8:0.2, v/v/v) for 10 min at 30 °C in the ultrasonic bath
at the same conditions as that in the defatting step. The sample
was centrifuged for 10 min at 3000g and dried with a Reacti-
Vap™ Evaporators (Thermo Fisher, Germering, Germany).
Solvent evaporation was carried out using a nitrogen flow
and magnet stirring at 30 °C until total sample dryness. The
dry extracts were re-dissolved in water and filtered through a
Fig. 2 Main steps employed to carry out conventional sonication extraction and pressurized hot water extraction
Food Anal. Methods
0.45 μm PTFE filters (VWR International, West Chester, PA,
USA) before HPLC separation. Samples were prepared in
triplicate.
Pressurized Hot Water Extraction
Extractions were performed on a Dionex ASE 200 system
(Thermo Fisher, Germering, Germany). The water was soni-
cated for 40 min for removing the dissolved oxygen.
Extractions were performed at 125 °C for 3 min based on an
experimental method used in a previous study (Plaza et al.
2013). Prior to each experiment, the extraction cell was
heated-up for 6 min. Likewise, all extractions were performed
in 11-mL extraction cells, containing 1 g of fresh sample.
Samples were prepared in triplicate and stored protected from
light at −20 °C until analysis. The volume of the extracts was
adjusted to 25 mL with MilliQ water and filtered through a
0.45-μm PTFE filters (VWR International, West Chester, PA,
USA) prior to analysis.
Total Phenolic Compounds Determination
(Folin-Ciocalteu)
The Folin-Ciocalteu reducing capacity was estimated as epi-
catechin equivalents (EE), expressed as milligram epicatechin
per gram of sample based on a previous protocol (Koşar et al.
2005). The total volume of the reaction mixture was miniatur-
ized to 1 mL. 790 μL of water and 10 μL of sample were
mixed, to which 50 μL of undiluted Folin-Ciocalteu reagent
was subsequently added. After 1 min, 150 μL of 2% (w/v)
Na2CO3 was added. After 2 h of incubation at 25 °C, 300 μL
of the mixture was transferred into a well of the microplate, the
absorbance was measured at 760 nm in a microplate spectro-
photometer reader (Multiskan GO, Thermo Fisher,
Germering, Germany) and compared to a epicatechin calibra-
tion curve (0.025–2.000 mg/mL) prepared equally. The data
was presented as the average of triplicate analyses for each
extract.
Analysis of Polyphenols by HPLC with Diode Array,
Electrochemical, and Charged Aerosol Detection
(HPLC-DAD-ECD-CAD)
The HPLC-DAD-ECD-CAD analysis of phenolic compounds
from cocoa and cocoa products extracts was performed
according to Plaza et al. (2014b). An UltiMate-3000®
HPLC system from Dionex (Thermo Fisher, Germering,
Germany) with an online degasser, a dual-gradient pump with
degasser, an autosampler with cooler, column oven, and pho-
todiode array detector, all controlled by a Chromeleon 6.80
(Thermo Fisher) software, was used. An ECD (Bioanalytical
Systems Inc., West Lafayette, IN) was attached just after the
DAD. The ECD redox potential was measured at +0.6 V vs.
Ag/AgCl. A battery-powered potentiostat (Palmsens, Palm
Instrument BV, Houten, The Netherlands) was connected to
the flow cell and was controlled by HP iPAQ Pocket PC (HP
2200 series, Hewlett-Packard Company). PalmTime software
(vs. 2.3.0.0, Palmsens) was used to collect data. A Corona
CAD instrument from ESA Biosciences Inc. (a part of
Thermo Fisher, Germering, Germany) was placed in series
after the ECD detector. Data processing was carried out with
Chromeleon 6.8 software (Thermo Fisher).
Separation was accomplished with porous-shell fused-core
Ascentis Express C18 analytical column (150 × 2.1 mm, par-
ticle size 2.7 μm) from Supelco (Bellefonte, PA, USA). The
column temperature was 50 °C and the flow rate 300 μL/min.
Two microliters of extract was injected from a sample tray
held at 4 °C. The mobile phases consisted of (A) ammonium
formate buffer (pH 3.0) 60 mM in water and (B) methanol
with 0.5% of formic acid in a gradient elution analysis pro-
grammed as follows: 0 min, 5% (B); 0–5 min, 5% (B); 5–
35 min, 5–40% (B); 35–40 min, 40% (B), with 10 min of
post-time. To circumvent the organic solvent elicited impact
on the CAD response (de Villiers et al. 2007; Plaza et al.
2014b), an inverse methanol gradient (make-up gradient)
was delivered to CAD with 0.3-min delay with respect to
the elution gradient (de Villiers et al. 2007). All solvents were
purged with nitrogen to remove oxygen.
Phenolic compounds were quantified with the CAD detec-
tor. The calibration curve of epicatechin was selected to quan-
tify all phenolic compounds and methylxanthines, because it
is normally found in cocoa (Gu et al. 2006; Langer et al.
2011). The epicatechin standard solution was injected in trip-
licate at six concentrations levels (1–100 μg/mL). The cali-
bration curve of epicatechin was obtained by plotting peak
area as function of concentration (in micrograms/milliliter).
Responses obtained in the examined ranges were expressed
by a linear equation with high r2 determination coefficient
value (0.999).
Identification of Polyphenols by HPLC with DAD
and Mass Spectrometry
The structural elucidation of phenolic compounds was carried
out by a Waters Acquity UPLC chromatographic system
(Waters Corp., Manchester, UK) equipped with a DAD and
a quadrupole and orthogonal acceleration time-of-flight tan-
dem mass spectrometers Xevo G2 QTOF with electrospray
ionization source (ESI) (Waters MS Technologies,
Manchester, UK). The HPLC instrument was equipped with
a binary solvent, an auto-sampler, and a column heater com-
partment. The system was controlled byWaters® Empower™
Chromatography software, while MassLynx™ (V 4.1, SCN
779, Waters Corp., Manchester, UK) was used for MS data
acquisition and treatment. The separation conditions were the
same as the previous (see section BAnalysis of polyphenols by
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HPLC with diode array, electrochemical, and charged aerosol
detection (HPLC-DAD-ECD-CAD)^). UV-vis spectra were
recorded in the range of 200–500 nm. The ESI interface was
operated in both positive and negative modes, and full-scan
HPLC-QTOF-MS spectra were obtained by scanning from 50
to 1000 m/z. The mass spectrometer was calibrated using a
solution of sodium formate. Data were collected in continuum
mode and mass was corrected during acquisition using an
external reference (Lock-Spray™) comprising a 10-μL/min
solution of leucine-enkephalin (2 ng/μL) via a lock-spray in-
terface. The capillary and cone voltage were set at 3 kV and
30 V, respectively. Nitrogen was used as both cone gas (50 L/
h) and desolvation gas (1000 L/h). The source and desolvation
temperature were set at 120 and 400 °C, respectively.
Simultaneous acquisition of exact mass at high and low colli-
sion energy, MSE (where E represents collision energy), was
used to obtain full scan accurate mass fragment, precursor ion,
and neutral loss information. The collision energy in function
1 (low energy) was off while in function 2 (high energy), the
collision energy ranged between 15 and 60 V.
Analysis of Procyanidins by HPLC with Fluorescence
Detector
The separation of flavanol oligomers was performed as previ-
ously described (Robbins et al. 2009) using an Agilent 1100
series HPLC system (Agilent Technologies, Palo Alto, CA,
USA) equipped with an autosampler, solvent degasser, qua-
ternary pump, column heater, and DAD and fluorescence de-
tectors. A Develosil Diol 100-Å column (250 × 4.6 mm; 100-
Å pore size; 5-μm particle size; 35 °C) from Phenomenex
(Torrance, CA, USA) was used for separation. The mobile
phase consisted of (A) acetonitrile/acetic acid (98:2, v/v) and
(B) methanol/water/acetic acid (95:3:2, v/v/v), and the follow-
ing gradient system was used: 0 min, 7% (B), 0–3 min, 7%
(B), 3–60 min, 37.6% (B), 60–63 min, 100% (B), 63–70 min,
100% (B), and 70–76 min, 7% (B), with a flow rate of 1 mL/
min and the injection volume was 5 μL. The autosampler was
set to and held at 5 °C. UV data were collected at 280 nm, and
fluorescence detection was conducted with an excitation
wavelength of 230 nm and emission at 321 nm.
Quantification of procyanidins with different degrees of
polymerization (DP) was carried out according to Robbins
et al. (2012). They have developed a reliable, robust, and
readily transferable method for the analysis and quantification
of procyanidins with different DP in cocoa and cocoa prod-
ucts, allowing its broader implementation for the analysis of
procyanidins in cocoa. The method was based on the relative
response factors (RRFs) of epicatechin specifics for each DP
to quantify DP of 2 to 10.
Monomer content was based on the external calibration
standard (−)-epicatechin. The concentration of DP 2 to 10
was calculated using the various RRFs according to Robbins
et al. (Robbins et al. 2012) by the following equation:
Concentration of flavanols in mg=g
¼ AreaDPn−bð Þ= mepic  RRFDPn
   
= Sample gð Þð Þ
 DF
Where DPn is the degree of polymerization indicating the
oligomer, m is the slope of the epicatechin calibration curve,
and DF is the appropriate dilution factor. Only a single cali-
bration curve was needed to quantify DP 1–10 since the con-
centration is based on the RRF to epicatechin. The epicatechin
standard solution was injected in triplicate at six concentration
levels (0.1–50 μg/mL). The calibration curve of epicatechin
was obtained by plotting peak area as function of concentra-
tion (in micrograms/milliliter). Responses obtained in the ex-
amined ranges were expressed by a linear equation with a
good r2 determination coefficient value (0.999). The total
procyanidin concentration was determined by summing the
individual DP 1–10 concentrations.
Statistical Analysis
All the analyses were conducted in triplicate. The data gener-
ated were subjected to one-way analysis of variance
(ANOVA) using R i386 version 3.3.1 (R foundation for sta-
tistical computing, Vienna, Austria). Tukey’s paired compari-
son test was used to determine statistical significant differ-
ences (p < 0.05) between mean values for different samples
at 95% confidence level. Results are expressed as mean value
and standard deviation; differences are pointed out with
superscripted letters. Differences in the tested variables were
considered statistically significant, when p ≤ 0.05, highly sig-
nificant when p ≤ 0.01, and with a trend when p ≤ 0.1.
Results and Discussion
Two different extraction methods, CSE and PHWE, were
employed and compared at an analytical scale to test our hy-
pothesis. As far as our knowledge goes, this is the first time
that PHWE is used in such samples. The extracts obtained by
CSE and PHWE from cocoa and cocoa products were fully
characterized by Folin-Ciocalteu assay, HPLC-DAD-CAD-
ECD, HPLC-QTOF/MS, and HPLC-FLD methods.
Total Phenolic Compounds
Figure 3 shows the total phenolic compounds (TPC)measured
by Folin-Ciocalteu method for all the different cocoas and
cocoa products extracts, obtained by PHWE and CSE. The
amounts of TPC extracted by PHWE and CSE were signifi-
cantly different (p ≤ 0.05) in cocoas (A and B) and in nibs
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(nibs and nibs powder) samples being 2.3, 3.1, 5.6, and 4.7
times, respectively, higher in PHWE. This could be due to the
fact that the solvation power of a liquid increases with increas-
ing temperature. Additionally, liquid water at elevated temper-
ature and pressure is a solvent of lower polarizability/polarity
and density that enables faster mass transfer and improved
wetting of the sample due to higher diffusivity and lower
viscosity and surface tension (Plaza and Turner 2015). These
liquid water properties at elevated temperature could explain
why the TPC was significantly higher when PHWE was used
to extract antioxidants from these samples.
However, the TPC extracted using PHWE and CSE were
not significantly different (p ≥ 0.05) in chocolate (B, C, and
D), possibly due to the porosity of the particles. This physical
characteristic can affect the extraction of TPC. In the choco-
late samples, the particles lack porosity which means that the
advantages of PHWE about mass transfer could be low. Also,
the bread samples (A and B) did not show significant differ-
ence (p ≥ 0.05).
It can be observed that TPC was higher for almost all
PHWE extracts of cocoa products, although the highest dif-
ferences could be observed among samples of different nature
(Fig. 3). The highest phenolic content (mg EE/g) was found in
cocoas (A and B, 35.7 ± 3.3 and 24.1 ± 1.5, respectively) and
nibs powder (22.3 ± 0.5) in PHWE extracts, while in CSE,
was the cocoa A (15.3 ± 1.3) followed by chocolate C
(8.8 ± 0.2), and cocoa B (7.9 ± 0.6). The lowest phenolic
content in PHWE was found in breads A and B, followed by
nibs and chocolates B, D, and C. For CSE extracts, the lowest
values were found in breads, nibs, nibs powder, and chocolate
B (Fig. 3).
The nature of the sample and its physical characteristics can
also affect the capacity of the phenolic extraction. For in-
stance, the cocoa, which is the basic ingredient of the
chocolate, depending on how the cocoa beans are cultivated
and how the cocoa powder is produced, can affect the concen-
tration of phenolic compounds present in the cocoa.
Therefore, cocoa A presented higher concentration of TPC
than cocoa B. Also, the TPC in chocolates depends on the
cocoa origin, chocolate production, and percentage of cocoa’s
ingredient used. Thus, chocolate C had the highest concentra-
tion followed by chocolates D and B (Fig. 3).
The bread samples had 15% cocoa powder by wet weight;
meaning that the bread should have around 15% of the TPC
compared with their corresponding cocoa powders. However,
bread B had only 11% and bread A had less than 6% of TPC
compared to their corresponding cocoa. This means than some
polyphenols or other antioxidant compounds, which react
with the Folin-Ciocalteu reagent, were degraded during the
bread baking.
The extraction of phenolic compounds was significantly
different (p ≤ 0.05) between nibs and nibs powder, when com-
paring both extraction techniques. The particle size of nibs
was bigger than that of nibs powder. Thus, nibs presented
lower TPC. However, when the particle size of the cocoa nibs
was reduced using a grinder, the extraction of phenolic com-
pounds increased. As expected, the particle size affected the
mass transfer between the nibs and the solvent, because a
larger surface area resulted in greater accessibility of the ex-
traction solvent to the analyte and the migration rate of the
analyte through the pores of the solid matrix increases with
decreasing particle size. Also, the mechanical treatment used
to decrease particle size can result in breakage of the cell walls
and cell structure, which may enhance the diffusion of the
analytes.
Anyhow, the Folin-Ciocalteu assay is not specific for phe-
nolic compounds and it has been proposed for the measure-
ment of total reducing capacity of samples (Magalhães et al.
Fig. 3 Total Phenolic Coumpounds (TPC) (milligram of epicatechin equivalent per gram of sample) measured by the Folin-Ciocalteau method for all
different cocoas and cocoa products, extracted by PHWE and CSE. Different letters represent significant differences (p ≤ 0.05)
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2008). In this work, further advance analytical techniques
were used to show the chemical composition obtained in ex-
tracts produced by PHWE and CSE specifically considering
phenolic compounds from cocoa and cocoa products.
Identification of the Extracted Phenolic Compounds
and Methylxanthines
Separation of phenolic acids, flavanols, flavonols, and meth-
ylxanthines of all extracts obtained by PHWE and CSE was
carried out using HPLC with DAD coupled to ECD and CAD
in analysis time of around 40 min. Figure 4 shows the chro-
matograms and amperogram of cocoa A obtained by PHWE.
A HPLC-MSE method was set up, aiming to separate and
identify the phenolic compounds present in the extracts.
Table 1 shows that the profile of phenolic compounds obtain-
ed when using both extraction techniques in the different co-
coa products was similar. Nibs powder extracted by PHWE
was chosen as representative for being one with high content
in phenols (see Fig. 3 and Table 1). The careful analysis of the
separated compounds, using the information provided by the
DAD detector as well as the MS detector installed in series,
together with the information that could be found in the liter-
ature and from commercial standards (when available),
allowed the identification of 12 phenolic compounds and 2
methylxanthines in the extracts. The identified compounds
as well as their chemical characteristics are shown in
Table 2. All phenolic compounds were detected using an
electrospray interface in negative, while methylxanthines
were detected in positive ionization mode.
Quantification of Phenolic Compounds
and Methylxanthines
Quantification of the different phenolic compounds and meth-
ylxanthines found in the extracts of cocoa and cocoa products
was carried out with a CAD detector. The content of phenolics
and methylxanthines of each cocoa product using PHWE and
CSE is summarized in Table 1. As can be seen, from the 15
identified compounds, just the compounds with higher con-
centration (around 10 compounds) could be quantified. One
disadvantage of CAD is its low sensitivity compared
with other detectors such as DAD (Plaza et al. 2014b).
Glycosylated procyanidins A and the flavonols found at lower
concentrations could not be quantified (see Fig. 4).
Theobromine (peak 2) was the compound with the highest
concentration in all extracts (concentrations from 152.1 to
1039.4 mg/100 g of sample), also caffeine (peak 6) was found
at considerable concentrations (from 6.6 to 30.0 mg/100 g of
sample) (Table 1). The total concentration of methylxanthines
obtained in this study agreed with other works found in the
literature (Belščak et al. 2009; Langer et al. 2011). These
compounds can be of interest regarding their health benefits,
as previously described (Akiba et al. 2004). The ratio of
Fig. 4 Chromatograms and
amperograms corresponding to
the HPLC-DAD-ECD-CAD
analysis of cocoa A extract
obtained by PHWE at a 280 nm,
b 350 nm, c CAD chromatogram,
and d amperogram. Analytical
conditions are given under
BMaterial and Methods.^ For





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































theobromine to caffeine found in the cocoa products (if the
concentration of theobromine is normalized as 10) was
10:0.1–0.8.
Catechin (peak 4) (9.1–88.8 mg/100 g of sample) and
epicatechin (peak 7) (9.1–67.4 mg/100 g of sample) were
the phenolic compounds found in higher concentration in
almost all extracts of cocoa products. The concentrations
detected for catechin and epicatechin agreed with the liter-
ature (Gu et al. 2006). Concentrations of procyanidin B2
(peak 5) (8.7–43.6 mg/100 g of sample), procyanidin A
glucoside (peak 8) (7.5–48.3 mg/100 g of sample), and
procyanidin C (peak 9) (6.7–27.7 mg/100 g of sample) in
the extracts of cocoa products were significant. The un-
known phenolic compound (peak 1) was one of the main
compounds in some cocoa extracts (6.2–57.3 mg/100 g of
sample) (Table 1).
Cocoa Awas the product with the highest concentration of
phenolic compounds followed by nibs powder, cocoa B, nibs,
chocolate C, chocolate D, and chocolate B. The lowest con-
centration of phenolic compounds was found in the cocoa
breads (A and B). The total phenolic compounds extracted
in cocoas and nibs depended on their manufacture and variety.
But the phenolic composition in chocolates and breads de-
pends on the quality of raw cocoa material, variety of the
beans, and recipe, for instance, chocolates have higher amount
of cocoa powder than bread (15% of cocoa powder base on
wet weight).
By comparing both extraction techniques, PHWE seemed
to be amore suitable technique than CSE to extract these kinds
of phenolic compounds from cocoa and cocoa products
(Table 1). The differences in the extraction of the different
phenolic compounds between both extraction techniques were
significantly different (p ≤ 0.05) for almost all products in
most of the detected peaks, except for breads (A and B)
(Table 1). Highly significant differences (p ≤ 0.01) could be
observed in cocoa A, nibs, and nibs powder for peaks 1, 4, and
8, also in chocolate C for peaks 3, 4, 5, 7, and 9. However,
non-significant differences (p ≥ 0.05) were observed for
breads A and B, whereas for the different kinds of chocolates
(B, C, and D), both significant and non-significant differences
were found depending on the phenolic compound detected.
Regarding phenolic compounds extraction, PHWE technique
revealed to be way more effective than CSE. When com-
pared, PHWE was able to extract twice the amount of phe-
nolic compounds as compared with CSE in cocoa A (266.1
vs. 133.3 mg/100 g of sample) and nibs (153.1 vs. 72.3 mg/
100 g of sample). Also, PHWE extracted 1.6, 1.5, and 1.3
times more than CSE in cocoa B (164.2 vs. 102.8 mg/100 g
sample), nibs powder (218.1 vs. 146.2 mg/100 g sample),
and chocolate C (140.7 vs. 103.2 mg/100 g sample), re-
spectively. Compared with CSE, PHWE was only less ef-
ficient (although not significantly (p ≥ 0.05)) for bread A,
chocolate B, and D samples.
The results above are in agreement with the results obtain-
ed for total phenolic compounds measured by Folin-Ciocalteu
method (section BTotal phenolic compounds^, Fig. 3).
However, the latter method did not measure just phenolic
compounds, because it measures any reductive substance as
well as possible antagonism and synergism effects between
different compounds. For instance, methylxanthines did not
show antioxidant capacity (see Table 2) but they could have
synergistic interactions with polyphenols. Moreover, compar-
ing total phenolic compounds determined by the Folin-
Ciocalteu method (Fig. 3) with the total phenolic compounds
obtained byHPLC-CAD analysis (Table 1), there is a decrease
using the latter analysis. These differences are likely due to the
nonspecificity of the Folin-Ciocalteu assay. Furthermore,
some of the phenolic compounds could not be quantified with
the employed HPLC-CAD method, and it did not detect all
phenolic compounds. Only, the free monomers and dimers
that link to small sugars were detected with the HPLC-CAD
method.
Moreover, PHWE extracted also higher concentration of
methylxanthines than CSE from almost all samples except
for bread A and chocolate B (Table 1). Highly significant
differences (p ≤ 0.01) between PHWE and CSE were ob-
served in all products except for breads A and B and choco-
lates C and D. PHWEwas also able to extract 3.9, 2.5, 1.7, and
1.6, times more theobromine than CSE in nibs, cocoa B, nibs
powder, and cocoa A, respectively, being less effective only in
bread A and chocolate B. Regarding caffeine, again PHWE
extracts revealed higher values for almost all samples, except
for chocolate C and D, but only significantly (p ≤ 0.05) for the
later (Table 1).
Individual Antioxidant Capacity of Phenolic Compounds
The ECD was used to study the oxidation of phenolic com-
pounds to indicate the antioxidant capacity of each compound.
To determine the contribution of the individual phenolic com-
pounds to the total antioxidant capacity of the cocoa extracts,
the concentration of each compound as determined by CAD
and the peak area obtained by ECD for each compound were
correlated in scatter plots (Table 2). The antioxidant capacity
was able to detect seven compounds (peaks 1, 3, 4, 5, 7, 8, and
9), because only these compounds were found in high enough
concentration possible to carry out the quantification by CAD.
The methylxanthines, theobromine (peak 2), and caffeine
(peak 6) were found in higher concentration but no antioxi-
dant capacity was associated with these compounds. These
results are in line with data reported for these compounds
found in tea (Stewart et al. 2005).
As shown in Table 2, the response between both detectors
was fairly linear, with the r2 being ≥0.761. Procyanidin C
(peak 9) presented a low r2 (0.595). Using the slope, it was


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































each phenolic compound in cocoa and cocoa product extracts.
The higher the slope, the higher the antioxidant capacity. The
results revealed that the compounds with the highest antioxi-
dant capacity were the monomers epicatechin (slope 32.04)
and catechin (slope 27.21). The monomers presented higher
antioxidant capacity than dimers (procyanidins B2 and B) and
trimers (procyanidin C). It is not in agreement with data found
in literature that showed that the antioxidant capacity of grape
seed procyanidins was related to their degree of polymeriza-
tion, for instance, the monomers were the compounds with
less antioxidant power (Spranger et al. 2008). However, to
the best of our knowledge, there is no data that shows this
statement in cocoa procyanidins. Other studies suggested that
the anthocyanin’s monomers were better hydrogen-donating
antioxidant compared to oligomeric proanthocyanidins (Kong
et al. 2003). Between the dimers, the procyanidins B2 and B
had higher antioxidant power that procyanidin A glucoside
because the glycosylation of the latter decreased its antioxi-
dant capacity (Plaza et al. 2014a). The unknown compound
(peak 1) and procyanidin C (peak 9) possessed the lowest
antioxidant capacity (see Table 2).
Determination of Procyanidins by HPLC-FLD
The HPLC-DAD-ECD-CAD-MS method allowed the identi-
fication and quantification of monomers, dimmers, and some
trimmers of procyanidins. However, this method could not
determine larger oligomers of procyanidins. These com-
pounds with different DP belong to the group of flavanols
(see Fig. 1). They are the phenolic compounds more abundant
in cocoa and have a range of positive physiological effects in
humans; most notably, they reduce blood pressure and reduce
the risk of cardiovascular disease and stroke (Sudano et al.
2012). Due to their structural diversity and complexity, the
analytical methodology employed for the analysis of these
compounds is based mainly upon DP instead of separation
of individual compounds and specific isomers (Robbins
et al. 2009). Therefore, a normal-phase HPLC-FLD method
using a HILIC column was carried out to accomplish the anal-
ysis of procyanidins with different degrees of polymerization
(Robbins et al. 2009; Robbins et al. 2013; Robbins et al.
2012). This method allowed the measurement of the large
structural diversity of these compounds by oligomeric size.
The procyanidins from cocoa and cocoa products have been
quantified up to predefined molecular weight between DP1
and DP10. Procyanidins standards with DP2 and DP3 are
commercially available; however, flavanols with DP4–10
are not. Thus, in this work, RRFs were used to achieve the
quantification for these compounds due to the lack of com-
mercial standards (see section BAnalysis of Procyanidins by
HPLC with fluorescence detector^). The RRFs used were
specific for this analytical method according to Robbins
et al. (2013, 2012). The results and chromatographic profile
of cocoa procyanidins are shown in Table 3 and Fig. 5,
respectively.
As can be seen in Table 3, DP1 and DP2 were the most
abundant procyanidins followed byDP6 and DP7. DP7was in
higher concentration than DP6 just in chocolate D. However,
Fig. 5 HPLC-FLD profile of flavanol oligomers from nibs powder
extract obtained by a CSE and b PHWE. FLD detection wavelength
was 230 and 321 nm for excitation and emission, respectively. The
peaks represent different degrees of polymerization (DP), from
monomers (DP1) to octomers (DP8)
Food Anal. Methods
≥DP8, DP4, and DP5 were found in less concentration.
Additionally, ≥DP8 was not presented in some samples as
cocoas A and B, chocolate B, and the breads A and B, and
DP7 was neither in cocoa B nor bread B. Mostly PHWE did
not extract ≥DP8, only in nibs and nibs powder was an ob-
served ≥DP8.
In general, PHWE was more efficient and extracted higher
amounts of procyanidins from cocoa and cocoa products than
CSE. Highly significant differences (p ≤ 0.01) between both
extractionmethods in the extraction of total procyanidins were
observed in cocoas A and B, and nibs and nibs powder, while
non-significant differences (p ≥ 0.05) were found in choco-
lates B, C, and D and breads A and B (Table 3). These results
matched well with the results achieved for total phenolic com-
pounds and for the phenolic compounds analyzed by reverse-
phase HPLC (see Tables 1 and 3 and Fig. 3).
Cocoa A and nibs powder were the samples with more
procyanidins. Nibs were a good source of polyphenols. As
mentioned previously, the concentration of polyphenols in
the different cocoa products depends on the percentage of
cocoa, which justifies why the bread samples presented the
lowest concentration of phenolic compounds. The percent-
age of cocoa powder in the bread was of 25% of dry weight
and 15% of wet weight. And the total procyanidins on the
bread represented an average of 15 ± 2% of the total
procyanidins of their respective cocoas and extractionmethod.
Hence, the procyanidin concentration in cocoa and cocoa
bread correlate perfectly, also meaning that the procyanidins
from the bread were not degraded during its preparation and
baking.
Langer et al. (2011), Miller et al. (2006), and Todorovic
et al. (2015) used a similar extraction method as CSE to mea-
sure the levels of total procyanidin oligomers in dark choco-
late. Their results were 94–793, 278–410, and 187–263 mg/
100 g of product, respectively. These levels were very similar
to the ones found in samples B, C, and D for CSE (194–
337 mg/100 g) and for PHWE (223–388 mg/100 g).
However, Gu et al. (2006) and Robbins et al. (2013) presented
values of total procyanidins of 852–1985 and 654–965 mg/
100 g, respectively, being higher than the level detected in our
samples.
Usually, higher concentrations of DP1 and DP2 flavanols
were found with normal-phase HPLC-FLD method than
with reverse-phase HPLC-DAD-ECD-CAD method.
These differences could be due to the limited sensitivity
of the CAD detector, not able to quantify compounds to
low concentration. On the other hand, FLD is a sensitive
detector. Also, procyanidins have a tendency to cross-link
with proteins, sugars, and others compounds. HPLC-DAD-
ECD-CAD method just detected the free monomers and
dimers that link to small sugars. Overall, once again,
PHWE technique was the most effective in extracting the
target compounds.
Conclusions
The results obtained in this work have supported our hypoth-
esis. PHWE method was more efficient in extracting phenolic
compounds and methylxanthines from cocoa and cocoa prod-
ucts as compared to CSE method. The differences between
both extraction methods were higher in the procyanidin group
for all the tested samples and significantly higher for the co-
coas (A and B) and nibs (nibs and nibs powder) samples. In
addition, PHWE avoided many of extraction steps (i.e.,
defatting step) and the use of organic solvents, being a greener
extraction method and more controlled. Also a full character-
ization of the phenolic composition of the cocoa products was
possible by using advance analytical tools such as HPLC-
DAD-ECD-CAD-MS and HPLC-FLD.
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